Abstract: During continuous casting of aluminum-killed steel, clogging of tundish nozzle frequently occurs, which seriously disrupts the normal casting sequences and deteriorates strand quality. Generally, argon blowing technology in the form of a stable and continuous argon film on the inner surface of the upper nozzle is employed to prevent the upper nozzle from clogging in the production. To explore the formation mechanism and influence factors of this argon film, a water model of the upper nozzle with blowing argon with a similarity ratio of 1:1 was built. The results show that the number of bubble chains increases gradually with increasing argon flow rate and casting speed, and the argon gas curtain appears at the bottom half of the upper nozzle. For a given argon flow rate, the velocity of argon gas bubbles increased gradually with increasing casting speed, and decreased gradually with increasing distance from the upper nozzle top. For a given casting speed, the average velocity of argon gas bubbles was largest at a distance from the upper nozzle top of 6 mm with argon flow rate of 150 L/h. The results could provide theoretical and technical basis for the optimization of blowing argon parameters in order to prevent the clogging of upper nozzle and improve strand quality.
Introduction
Production of high quality steel has always long been a concern to the steelmaking industry. Reducing the amounts of acid soluble content in aluminum-killed steel is important for improving steel quality. Clogging of tundish nozzle frequently occurs during continuous casting of aluminum-killed steel, which not only disrupts the normal sequences of continuous casting but also deteriorates strand quality [1] . Previous research indicated that the clogging of tundish nozzle was mainly due to the adhesion of high melting point inclusions (Al 2 O 3 ) on the inner nozzle wall [2] [3] [4] . One approach to prevent clogging in tundish nozzle is the use of an argon film on the inner surface of the upper nozzle, which can separate inclusions in molten steel from the nozzle wall and inhibit the clogging.
It is widely accepted that argon blowing technology can prevent clogging in tundish nozzle because the scattered ruptured argon bubbles from the stopper wash and capture the inclusions on the inner nozzle wall [5] . Extensive studies [6] [7] [8] focusing on this technology have been conducted. The effect of argon gas on the flow of molten steel and slag entrapment in mold was revealed during the continuous casting process [9] [10] [11] . The theoretical results of Thomas [12] indicated that the argon bubbles in the nozzle during argon blowing could change the flow of the upper recirculation zone in the mold and move up the impingement point and upper recirculation zone; thus, this argon blowing technology could be applied to improve and control the flow of the molten steel. It was shown that with increasing argon flow rate for a given casting speed, the fluctuation of the mold level gradually increases, and the frequency of flux entrapment firstly decreases and then increases [13] . These studies explored the influence of the parameters of argon blowing in the nozzle on the strand quality. However, reports on the formation behavior of the argon gas film on the nozzle wall and the distribution characteristics of argon bubbles in the nozzle are relatively scarce. Previous research [14] suggested that the argon film formed between the inner surface of the nozzle and the liquid steel. Thomas [15] investigated the two-phase (liquid steel/argon bubbles) flow in the tundish nozzle during continuous casting by using a numerical simulation method and suggested that the flow changed with the argon flow rate. Bai [16] obtained four kinds of behavior of bubbles in the nozzle with different argon and fluid flow rates during continuous casting using water model experiments, and a stable and continuous gas film could be obtained with reasonable parameters. However, this result was suitable for gas blown from a single pore. However, argon is blown from numerous dispersion pores and the formation and downward migration behaviors of the argon gas film are significantly complicated during continuous casting.
Therefore, the effect of the argon flow rate and casting speed on the behavior characteristics of argon bubbles on the nozzle wall was studied in this paper. The results could provide a theoretical and technical basis for optimizing the process parameters of argon blowing, preventing nozzle clogging, and improving the strand quality.
Experiment Theory and Model Establishment

Experiment Theory
The similarity criterion numbers in fluid dynamics include the Reynolds (Re), Froude (Fr), Euler (Eu), Grashof (Gr), and Mach (Ma) numbers. The liquid steel in the upper nozzle is always in a turbulent flow state during continuous casting, which is dominated by inertia, gravity, and viscous forces. When the Reynolds number for the flow in the water model calculated in Equation (1) reaches a certain value, the similarity principle is ensured because that the flow is in the same self-modeling area, which does not require that the Reynolds number be equal [17] . The viscous force could be ignored in the establishment of the water model because the flow of liquid steel is in the same self-modeling area. Therefore, in the case of geometric similarity, if the Froude numbers of water in the water model and liquid steel in the upper nozzle are equal, as shown in Equation (2), then similar dynamics of the models and prototypes are ensured.
Here, ρ is the density of the flow, kg/m 3 ; µ is the dynamic coefficient of the viscosity of the flow, N·s/m 2 ; L is the characteristic length of the flow field, m; u is the flow velocity of the fluid, m/s; u Water is the flow velocity of water, m/s; u Steel is the flow velocity of steel, m/s; g is the acceleration of gravity, 9.8 m/s 2 ; L p is the feature size of the prototype, m; L m is the feature size of the water model, m.
For better observation, the size of the upper nozzle in the water model is the same as that in the actual production; thus, the geometric similarity ratio (λ = L p /L m ) between the water model and the actual tundish is chosen to be 1. After entering the simulated parameters into Equation (2), Equation (3) is obtained. It can be inferred that the flow rate of water is the same as that of liquid steel during continuous casting.
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Here, u Water is the flow velocity of water in the water model, m/s; u Steel is the casting speed of liquid steel, m/s.
The argon bubbles enter into liquid steel at a high temperature during continuous casting, while they do so at room temperature in the water model; thus, the revised Froude numbers of argon bubbles are selected as shown in Equation (4) . According to the similar principle for ensuring equal revised Froude numbers, the velocities of argon bubbles in the actual production and simulation water model are determined according to Equation (5) . After entering the simulated parameters into Equation (5), Equation (6) is obtained.
Therefore, in the case of geometric similarity, if the Froude numbers of water in the water model and liquid steel in the upper nozzle are equal, as shown in Equation (2), then dynamics of the models and prototypes are ensured.
Here, ρ g is the density of the gas, kg/m 3 ; ρ L is the density of the liquid, kg/m 3 ; ρ Ar(Steel) is the density of argon at liquid steel temperature, kg/m 3 ; ρ Arm is the density of argon at room temperature, kg/m 3 ; ρ Steel is the density of liquid steel, kg/m 3 ; ρ Water is the density of water, kg/m 3 ; u Ar(Steel) is the velocity of argon bubbles in liquid steel, m/s; u Arm is the velocity of argon bubbles at room temperature in the water model, m/s.
Since there is a volume expansion of argon gas under the high-temperature operating conditions, while the water model is carried out at room temperature, a simulation of the argon flow rate needs to be designed. According to the ideal gas state equation and Equation (6) , the relationship between the actual production and physical simulation of the argon flow rate is shown in Equations (7) and (8) . The densities at normal temperature and standard conditions are assumed to be the same. The simulated conditions are as follows: T room = 293 K, T Steel = 1773 K, ρ Arm = 1.784 kg/m 3 , ρ water = 1000 kg/m 3 at room temperature, ρ steel = 7000 kg/m 3 and ρ Ar(Steel) = 0.275 kg/m 3 , λ = 1. After entering the simulated parameters and Equation (6) into Equation (8) , Equation (9) is obtained.
Here, Q Arp is the actual argon flow rate, L/min; Q Ar(Steel) is the argon flow rate in liquid steel, L/min; Q Arm is the argon flow rate in the water model, L/min; Sp is the actual sectional area of argon blowing pipe; Sm is the sectional area of argon blowing pipe in water model.
Establishment of Water Model of Argon Blowing in Tundish Nozzle
A water model of 1/1 linear scale for a partial tundish was designed; namely, the width and height of the tundish in the water model were the same as those of the tundish in the actual production. Due to the large size of the actual tundish, the size of the tundish was designed as a square box of 520 mm × 520 mm × 510 mm. According to Equation (1) , when the casting speeds of flow are 0.4-0.6 m/s, the Reynolds number of liquid steel in the actual nozzle is 25,000-37,500, and that of water in the water model is 19,920-29,880; thus, the flow is in the same self-modeling area.
In order to ensure similar behaviors of the water and liquid steel flows, a box with the size of 300 mm × 90 mm × 350 mm was set up in the tundish model. A demonstration experiment of the tundish water model using methylene blue was conducted; the flow field in the tundish at different times (0 s was set as the beginning outlet time of the liquid) is shown in Figure 1 . It is shown that the water enters the box from the long nozzle and then migrates upward to the nozzle area. The flow of liquid steel in the tundish in a limited space could be simulated by using this device, which could avoid the formation of rotational flow in the nozzle zone by using a short distance between inflow and outflow, and ensure accurate experimental simulation results. 
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Experimental Scheme
According to the actual process conditions in some steel mills, the casting speed is 0.4-0.6 m/min, the section size of the bloom is 390 mm × 510 mm, and the flow rate of argon blowing is about 120-180 L/h. The argon flow rates in the water model were calculated according to Equation (8) , which were about 100-160 L/h. Since the flow rate of water is equal to the flow rate of liquid steel, the water flow was calculated according to Equation (9) . In order to analyze the effects of the argon flow rate and casting speed on the argon bubble behavior in the nozzle, the experimental scheme is shown in Table 1 .
Here, uSteel is the casting speed of liquid steel, m/s; SBloom is the sectional area of the bloom, m 2 . 
According to the actual process conditions in some steel mills, the casting speed is 0.4-0.6 m/min, the section size of the bloom is 390 mm × 510 mm, and the flow rate of argon blowing is about 120-180 L/h. The argon flow rates in the water model were calculated according to Equation (9) , which were about 100-160 L/h. Since the flow rate of water is equal to the flow rate of liquid steel, the water flow was calculated according to Equation (10) . In order to analyze the effects of the argon flow rate and casting speed on the argon bubble behavior in the nozzle, the experimental scheme is shown in Table 1 .
Here, u Steel is the casting speed of liquid steel, m/s; S Bloom is the sectional area of the bloom, m 2 . 
Results and Discussion
Effect of Process Parameters on Distribution of Argon Bubbles on Inner Surface of Nozzle
For case 1 in Table 1 , the distribution of argon bubbles on the inner surface of the nozzle with different argon flow rates is shown in Figure 5 . It is observed that the argon bubbles appear slowly one by one and grow up at the top of the upper nozzle, and bubble chains appear in the pores of the upper nozzle. The reason for the different states of big bubbles and bubble chains is the non-uniform distribution of sizes of effective micropores in the upper nozzle, which is closely related to the production raw materials and process parameters of permeable brick. As seen in Figure 5 , with other conditions remaining unchanged, the number of bubble chains increased gradually with increasing argon flow rate. When the superposition of more bubble chains occurred, a gas curtain appeared at the bottom half of the upper nozzle. 
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Effect of Process Parameters on Velocity of Argon Bubbles near Inner Surface of Nozzle
In order to study the velocity distribution of argon bubbles in the upper nozzle, some representative micropores near the edge of the permeable brick with distances from the upper nozzle top of 6 mm, 18 mm, 32 mm, 46 mm, and 63 mm, respectively, were selected, which are shown in Figure 9 . The velocities of argon bubbles in the nozzle were analyzed using the Molysis software. The inner diameter of the upper nozzle bottom was used as the characteristic size in the measurement of the velocity of argon bubbles near the nozzle wall. In this paper, we selected the average flow velocity of water at different distances from the upper nozzle top, and this changes with the change in sectional area. 
In order to study the velocity distribution of argon bubbles in the upper nozzle, some representative micropores near the edge of the permeable brick with distances from the upper nozzle top of 6 mm, 18 mm, 32 mm, 46 mm, and 63 mm, respectively, were selected, which are shown in Figure 9 . The velocities of argon bubbles in the nozzle were analyzed using the Molysis software. The inner diameter of the upper nozzle bottom was used as the characteristic size in the measurement of the velocity of argon bubbles near the nozzle wall. In this paper, we selected the average flow velocity of water at different distances from the upper nozzle top, and this changes with the change in sectional area. micropore in the upper nozzle, which results in a smaller average diameter. 
In order to study the velocity distribution of argon bubbles in the upper nozzle, some representative micropores near the edge of the permeable brick with distances from the upper nozzle top of 6 mm, 18 mm, 32 mm, 46 mm, and 63 mm, respectively, were selected, which are shown in Figure 9 . The velocities of argon bubbles in the nozzle were analyzed using the Molysis software. The inner diameter of the upper nozzle bottom was used as the characteristic size in the measurement of the velocity of argon bubbles near the nozzle wall. In this paper, we selected the average flow velocity of water at different distances from the upper nozzle top, and this changes with the change in sectional area. The effect of casting speed on the average velocity of argon gas bubbles at different distances with an argon flow rate of 100 L/h is shown in Figure 10 . When the distance from the upper nozzle top is 6 mm, the average velocities of argon gas bubbles are 0.894 m/s, 1.101 m/s, and 1.183 m/s for casting speeds of 0.4 m/min, 0.5 m/min, and 0.6 m/min, respectively. It is shown that the velocity of argon gas bubbles increases gradually with increasing casting speed. This is because the argon bubble detached from the micropore of the nozzle is mainly affected by the fluid drag force, gravity, and buoyancy [18] . When the casting speed is low, the fluid drag force is small due to the low fluid flow rate, which results in a lower velocity of argon gas bubbles.
The effect of casting speed on the average velocity of argon gas bubbles at different distances with an argon flow rate of 100 L/h is shown in Figure 10 . When the distance from the upper nozzle top is 6 mm, the average velocities of argon gas bubbles are 0.894 m/s, 1.101 m/s, and 1.183 m/s for casting speeds of 0.4 m/min, 0.5 m/min, and 0.6 m/min, respectively. It is shown that the velocity of argon gas bubbles increases gradually with increasing casting speed. This is because the argon bubble detached from the micropore of the nozzle is mainly affected by the fluid drag force, gravity, and buoyancy [18] . When the casting speed is low, the fluid drag force is small due to the low fluid flow rate, which results in a lower velocity of argon gas bubbles. As shown in Figure 11 , when the casting speed is 0.5 m/min, the average velocity of argon gas bubbles is 1.101 m/s at a distance from the upper nozzle top of 6 mm, and 0.791 m/s at a distance from the upper nozzle top of 63 mm. It is shown that the velocity of argon gas bubbles increases gradually with increasing casting speed, and decreases gradually with increasing distance from the upper nozzle top. Since the cone-shape stopper is inserted into the nozzle at a certain depth in the experiment, the corresponding channel of fluid flow in the top half part of the nozzle is smaller than that in its bottom half part. The argon bubble initial velocity is high in the zone under the stopper, but because of the viscous resistance of the fluid, the bubble velocity decreases.
For a given casting speed of 0.5 m/min, the effect of the argon flow rate on the average velocity of argon gas bubbles at different distances from the upper nozzle top is shown in Figure 11 . It is shown that the velocity of argon gas bubbles decreases gradually with increasing distance from the upper nozzle top under different argon flow rates. The average velocity of argon gas bubbles is highest at a height of 6 mm with an argon flow rate of 150 L/h, and high at a distance from the upper nozzle top of 63 mm with an argon flow rate of 40 L/h. Overall, the influence of the argon flow rate on the average velocity of argon gas bubbles was not significant, which is related to the argon bubble size and the combination of fluid drag force, gravity, and buoyancy under different conditions. As shown in Figure 11 , when the casting speed is 0.5 m/min, the average velocity of argon gas bubbles is 1.101 m/s at a distance from the upper nozzle top of 6 mm, and 0.791 m/s at a distance from the upper nozzle top of 63 mm. It is shown that the velocity of argon gas bubbles increases gradually with increasing casting speed, and decreases gradually with increasing distance from the upper nozzle top. Since the cone-shape stopper is inserted into the nozzle at a certain depth in the experiment, the corresponding channel of fluid flow in the top half part of the nozzle is smaller than that in its bottom half part. The argon bubble initial velocity is high in the zone under the stopper, but because of the viscous resistance of the fluid, the bubble velocity decreases.
For a given casting speed of 0.5 m/min, the effect of the argon flow rate on the average velocity of argon gas bubbles at different distances from the upper nozzle top is shown in Figure 11 . It is shown that the velocity of argon gas bubbles decreases gradually with increasing distance from the upper nozzle top under different argon flow rates. The average velocity of argon gas bubbles is highest at a height of 6 mm with an argon flow rate of 150 L/h, and high at a distance from the upper nozzle top of 63 mm with an argon flow rate of 40 L/h. Overall, the influence of the argon flow rate on the average velocity of argon gas bubbles was not significant, which is related to the argon bubble size and the combination of fluid drag force, gravity, and buoyancy under different conditions. 
Effect of Process Parameters on Distance from Bubble Chains to Inner Surface
The bubble chains detached from nozzle micropores migrate downward along the inner surface of the nozzle. The effect of casting speed and argon flow rate on the distances from bubble chains to the inner surface was studied in this paper. Figure 12 is a schematic diagram of the distances from bubble chains to the inner surface, in which 1, 2, 3, 4 are the selected representative pores; the average distances are measured by drawing four lines along the bubble chain using CAD software. Figure 13 shows the measured distances from bubble chains to the inner surface of the nozzle. For a given argon flow rate, the distance becomes gradually smaller with increasing casting speed. This is because the direction of the resultant force is closer to the inner surface when the fluid drag force is large at high casting speeds. For a given casting speed, the distance becomes gradually larger with increasing argon flow rate. Since the momentum of argon bubbles is large at high argon flow rates, the bubbles could migrate farther from the inner surface of the nozzle following the normal direction. 
The bubble chains detached from nozzle micropores migrate downward along the inner surface of the nozzle. The effect of casting speed and argon flow rate on the distances from bubble chains to the inner surface was studied in this paper. Figure 12 is a schematic diagram of the distances from bubble chains to the inner surface, in which 1, 2, 3, 4 are the selected representative pores; the average distances are measured by drawing four lines along the bubble chain using CAD software. 
The bubble chains detached from nozzle micropores migrate downward along the inner surface of the nozzle. The effect of casting speed and argon flow rate on the distances from bubble chains to the inner surface was studied in this paper. Figure 12 is a schematic diagram of the distances from bubble chains to the inner surface, in which 1, 2, 3, 4 are the selected representative pores; the average distances are measured by drawing four lines along the bubble chain using CAD software. Figure 13 shows the measured distances from bubble chains to the inner surface of the nozzle. For a given argon flow rate, the distance becomes gradually smaller with increasing casting speed. This is because the direction of the resultant force is closer to the inner surface when the fluid drag force is large at high casting speeds. For a given casting speed, the distance becomes gradually larger with increasing argon flow rate. Since the momentum of argon bubbles is large at high argon flow rates, the bubbles could migrate farther from the inner surface of the nozzle following the normal direction. Figure 13 shows the measured distances from bubble chains to the inner surface of the nozzle. For a given argon flow rate, the distance becomes gradually smaller with increasing casting speed. This is because the direction of the resultant force is closer to the inner surface when the fluid drag force is large at high casting speeds. For a given casting speed, the distance becomes gradually larger with increasing argon flow rate. Since the momentum of argon bubbles is large at high argon flow rates, the bubbles could migrate farther from the inner surface of the nozzle following the normal direction. According to the distribution of argon bubbles on the inner surface of the nozzle, we can also see that more bubble chains superpose and a larger gas curtain zone appears when the distances from bubble chains to the inner surface of the nozzle are small. It is obvious that the casting speed and argon flow rate during the argon blowing process should be suitable. The casting speed should be high for a given argon flow rate, while the argon flow rate should be low for a given casting speed, in order to maintain a sufficient number of bubble chains.
Conclusions
(1) The argon bubbles appear one by one slowly and grow up at the top of the inner surface of the tundish nozzle, and bubble chains appear at the pores of the upper nozzle. The number of bubble chains increases gradually with increasing argon flow rate, while the number of bubble chains increases obviously with increasing casting speed. Subsequently, an argon gas curtain will appear at the bottom half of the upper nozzle due to the superposition of sufficient bubble chains. Therefore, an appropriately high argon flow rate and casting speed are propitious to the formation of the argon gas curtain in the tundish upper nozzle.
(2) For a given argon flow rate, the velocity of argon gas bubbles increases gradually with increasing casting speed, and decreases gradually with increasing distance from the upper nozzle top. For a given casting speed, the influence of the argon flow rate on the average velocity of argon gas bubbles is not significant, and the average velocity of argon gas bubbles is highest at a distance from the upper nozzle top of 6 mm with an argon flow rate of 150 L/h. According to the distribution of argon bubbles on the inner surface of the nozzle, we can also see that more bubble chains superpose and a larger gas curtain zone appears when the distances from bubble chains to the inner surface of the nozzle are small. It is obvious that the casting speed and argon flow rate during the argon blowing process should be suitable. The casting speed should be high for a given argon flow rate, while the argon flow rate should be low for a given casting speed, in order to maintain a sufficient number of bubble chains.
(2) For a given argon flow rate, the velocity of argon gas bubbles increases gradually with increasing casting speed, and decreases gradually with increasing distance from the upper nozzle top. For a given casting speed, the influence of the argon flow rate on the average velocity of argon gas bubbles is not significant, and the average velocity of argon gas bubbles is highest at a distance from the upper nozzle top of 6 mm with an argon flow rate of 150 L/h.
(3) For a given argon flow rate, the distance becomes gradually smaller with increasing casting speed and fluid flow rate. For a given casting speed, the distance gradually increases with increasing argon flow rate. In order to obtain a continuous gas curtain, the casting speed should be high for a given argon flow rate, while the argon flow rate should be low for a given casting speed, maintaining a sufficient number of bubble chains. 
